Study Design: Retrospective case study on prospectively collected data. Objectives: The purpose of this explorative study was: 1) to determine if patterns of spinal cord injury could be detected through intraoperative neuromonitoring (IONM) changes in pediatric patients undergoing spinal deformity corrections, 2) to identify if perfusion based or direct trauma causes of IONM changes could be distinguished, 3) to observe the effects of the interventions performed in response to these events, and 4) to attempt to identify different treatment algorithms for the different causes of IONM alerts.
Introduction
Intraoperative multimodality neuromonitoring (IONM) has been established as the standard adjunct to spinal deformity surgery. [1] [2] [3] [4] [5] [6] Despite its universal acceptance and use, there remains significant controversy into what constitutes a neuromonitoring change, what significance does that change represent, what actions should be taken in response to the change, and which factors led to the changes.
There are common incomplete spinal cord syndromes that are well described, which include Brown-Sequard, anterior, posterior, and central cord syndromes. 7 Each of these have classic patterns of neurological deficit and represent injuries to specific regions of the spinal cord. As such, intraoperative maneuvers that injure the cord would be expected to follow these established patterns. For example, perfusion-based deficits to the spinal cord would be expected to affect the anterior circulation of the spinal cord, manifesting as bilateral loss of motor-evoked potential (MEP) signal, with preserved somatosensory-evoked potential (SSEP). Passing a sublaminar implant or instrument may injure the posterior cord, showing a loss of SSEP signal, without affecting the MEP. Placing a Kerrison rongeur laterally in the canal may produce a BrownSequard injury, manifesting as a unilateral loss of MEP and/or SSEP signal (Figure 1 ). Finally, closing an osteotomy could lead to a central cord syndrome, resulting in bilateral SSEP and MEP changes. Understanding these patterns of signal loss could alert the surgeon to the type of spinal cord injury occurring, allowing for the performance of appropriate maneuvers to reverse or address the causative event.
The purpose of this explorative study was (1) to determine if these patterns of spinal cord injury could be detected through IONM changes in pediatric patients undergoing spinal deformity corrections, (2) to identify if perfusion based or direct trauma causes of IONM changes could be distinguished, (3) to observe the effects of the interventions performed in response to these events, and (4) to attempt to identify different treatment algorithms for the different causes of IONM alerts.
Material and Methods
A retrospective review was performed of prospectively collected neuromonitoring data using standard forms on consecutive pediatric patients undergoing coronal plane spinal deformity surgery. The standardized forms were developed by the principle author with input from other authors providing a comprehensive functional mode of registering IONM events and the effect of interventions performed in response to IONM events. In the event of signal change, the neuromonitoring form was completed detailing surgical and/or systemic causes for the alert, actions taken in response to the alert, and outcome of the signal recovery to the alert. The inclusion criteria included pediatric patients with a minimum of 50 primary coronal deformity for idiopathic or syndromic scoliosis, undergoing primary or revision procedure, and correction facilitated with posterior column osteotomy (PCO) and/or underwent intraoperative skull-skeletal traction. The use of traction and choice of weight was at the discretion of the treating surgeon. As well, the number and level of posterior column osteotomies was determined by the surgeon. IONM was performed with transcranial MEP, SSEP, free run electromyography (EMG), and pedicle screw stimulation EMG under total intravenous anesthesia. Patients were divided into 2 groups based on the presence or absence of MEP alerts during the surgery. Alerts were defined as a drop in MEP or SSEP signal of at least 50% from baseline signal. The precipitating event was then assessed to determine the observed neuromonitoring pattern that correlated with the IONM change.
Neurological examinations were performed once the patient awoke from anesthesia. Neurological examinations continued every 4 hours for the first 24 hours postoperatively and daily after that while in hospital.
Results
A total of 97 paediatric patients (Table 1) involving 71 females and 26 males with a mean age of 14.9 years (range 11-18 years) were included in this study. There were 39 alerts in 27 patients (27.8% overall incidence). The patients with MEP alerts (n ¼ 27) had a mean Cobb angle of 84. 4 compared with 76.6 (P ¼ .07) in the group without MEP changes (n ¼ 70). Significantly greater amount of mean number of levels fused (13.4 vs 12.7), and percent of patients treated with PCOs (51.9% vs 25.7%) were noted in the group with IONM changes. IONM alerts were divided into 2 subgroups: cases involving unilateral MEP changes and those with bilateral MEP changes ( Table 2) .
A single episode of a unilateral alert was observed in 9 patients and 1 patient had multiple unilateral alerts. Bilateral changes were seen in 14 patients, with 5 of these having more than one occurrence of a bilateral alert. Three patients had unilateral alerts during the laminectomy for the PCOs followed by bilateral alerts during or after rod insertion and correction maneuvers. Patients with bilateral alerts had a lower mean arterial pressure (MAP) at the time of the alert (67.6 mm Hg) compared with the MAP observed in the unilateral alerts (77.1 mm Hg, P ¼ .009).
Perfusion-Based IONM Changes
Bilateral loss in MEP amplitude was observed in 23 cases with 2 cases demonstrating concomitant SSEP amplitude losses as well. The bilateral changes were observed during the use of intra-operative traction or following deformity correction with rod insertion and compression and distraction maneuvers ( Figure 2 ). Forty actions taken in response to these 23 IONM changes included increasing the blood pressure (n ¼ 15), transfusing the patient (n ¼ 6), removing the rod (n ¼ 2), decreasing or removing the traction weight (n ¼ 8), adjusting the anesthesia (n ¼ 6), and administering steroids (n ¼ 3).
Following the actions taken in response to the IONM signal loss, recovery of some MEP signal varied between 5 minutes to over an hour. In all cases, the IONM signal returned or improved sufficiently to allow for completion of the procedure. Patients with perfusion-based changes were monitored closely postoperatively for spinal cord function, and maintenance of blood pressure near their preoperative baseline pressure. Difficulties maintaining an adequate blood pressure in the setting of a low hemoglobin was treated with blood transfusion. There were no postoperative neurological deficits in this series.
Direct Trauma
Direct trauma (n ¼ 16) resulted in unilateral MEP alerts with 2 cases having SSEP changes as well. The changes followed pedicle screw insertion in 2 patients, laminar hook placement in 1 patient, during the decompression while performing PCOs in 6 cases, following a slip with an instrument during bone grafting (n ¼ 1), following osteotomy closure (n ¼ 1). Unilateral changes as a result of direct trauma, mainly during decompressions, resolved with removal of the causative agent and time. Following the alerts, maneuvers to increase the blood pressure were performed in 5 patients, the osteotomy opened in 1 patient, traction adjusted in 3 patients, and implant removed in 1 patient.
Recovery Time
Following the IONM alert, maneuvers performed in response to the alert led to some signal recovery in all cases of bilateral changes. In the unilateral, 8 (50%) showed some recovery within 5 minutes, a further 7 (44%) by 10 minutes and the last case showed some recovery within 20 minutes. In the bilateral, some signal return occurred in 8 (35%) within 5 minutes, in 7 (30%) by 10 minutes, in 4 (17%) by 20 minutes, and in 4 (17%) by 60 minutes. In all, 27 patients (Table 3) at skin closure, the signal recovered to baseline (BL) in 20 (74%) patients, between 75% and 100% of BL in 3 (11%) patients, between 50% and 75% of BL in 2 (7%) patients, and between 25% and 50% of BL in 2 (7%) patients (Table 3) .
Discussion
In this series of pediatric patients undergoing deformity corrections, unilateral and bilateral changes in the transcranial MEP occurred. The unilateral changes occurred following direct trauma to the spinal cord, whereas, the bilateral changes were associated with perfusion deficits to the spinal cord. Restoring the perfusion locally through release of the traction, release of the rod, or systemically through increasing the blood pressure and/or reversing the anemia through blood transfusion, successfully addressed these changes in all patients allowing for the safe correction of the deformity and completion of the cases ( Figure 3 ). Unilateral changes associated with direct trauma to the spinal cord were relieved by reversing the causative agent and allowing time for recovery. Repeat bilateral loss of MEP signal was the result of inadequately addressing the spinal cord perfusion deficiencies prior to obtaining the desired correction. Yoshida et al, 8 in a prospective multicenter review, observed 57 alerts in 1009 deformity cases occurring with rod rotation (n ¼ 21), pedicle screw insertion (n ¼ 7), osteotomy closing (n ¼ 6), compression, distraction, cantilever, or translation (n ¼ 10), decompression (n ¼ 3), and root sacrifice (n ¼ 3). There were 6 other significant drops in signal that they state were unrelated to the surgery. They were able to successfully reverse these changes with counter maneuvers in 61% of these cases, with an overall rate of 2.2% new neurological deficits. Jarvis et al 9 described the monitoring data on 37 pediatric 3 column osteotomies. Alerts were classified into 3 types: type 1-prior to osteotomy, type 2-during decompression for osteotomy, and type 3-following osteotomy closure. Alerts were observed in 21(57%) cases, with reversing the cause of the loss in signal resulting in improved signal in all cases. There were 5 new postoperative neurological deficits (14%) with all regaining full function within 3 months of surgery. In a series of 36 pediatric patients undergoing intraoperative skull skeletal traction for scoliosis, Lewis et al 10 describe a reduction in transcranial MEP signal of greater than 50% in 48% of cases. The loss in MEP occurred at a mean of 94 minutes from the onset of the surgery. Decreasing or removing the traction resulted in improved signal and algorithms for managing traction related MEP changes were provided. Anemia may have played a part in some of these cases but was not measured in that series.
The importance of the MAP on spinal cord perfusion has been well established. 4, [11] [12] [13] MAP would be expected to have the greatest impact on perfusion based IONM changes, as seen in this series with a lower MAP observed in bilateral changes as compared with unilateral changes. Most of the literature regarding MAP has been described in cervical spine pathologies, where significant blood loss is generally not a major 
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Global Spine Journal 9(1S) factor. [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] This is different from spinal deformity surgeries where blood loss can be more substantial, especially, when osteotomies are used. A low hemoglobin contributed to a decrease in MAP in a number of cases, and addressing the anemia helped to elevate the MAP.
As the series went on, we came to appreciate the importance of anemia on both the MEP signal and the blood pressure. Blood transfusion was therefore instituted as an important component of the management of bilateral MEP amplitude loss associated with major correction maneuvers. A hemoglobin transfusion threshold value, however, could not be determined from our data for a number of reasons: blood samples were not taken routinely with each MEP loss, and factors affecting spinal cord perfusion such as curve magnitude, the acuity of the curve, the amount of correction achieved, and maneuvers performed were variable. A generalized definition of anemia in this setting seemed to be associated with a value of hemoglobin unable to maintain adequate MEP signal during the correction of a spinal deformity. Strict transfusion thresholds using hemoglobin levels of 70 g/L prior to giving blood 14, [25] [26] [27] should be reconsidered in the face of hypotension and bilateral MEP signal loss unresponsive to the usual measures.
Unlike in perfusion based neuromonitoring changes, unilateral MEP declines following a traumatic event, such as release of the concave apical facet joint with a Kerrison rongeur during a PCO, require removing concave apical facet joint with a Kerrison rongeur, require removing the offending agent and allowing for time for recovery. If the incident is not of the severity to cause permanent injury to the spinal cord, recovery of the signal was observed in less than 20 minutes in two-thirds of the events in this series.
The presence of an alert did not preclude the successful completion of the surgery. MEP signal was checked after each important step in the procedure so that the timing of the causative event could be most accurately isolated. By identifying and addressing the relevant factors, unnecessary maneuvers could be avoided. For example, checking the MEP after each pedicle screw is placed on the concave apex could isolate a malpositioned screw as opposed to checking the MEP only once after all the screws have been inserted. With the more frequent transcranial stimulation, only the offending screw would be removed as opposed to removing screws that are appropriately placed.
While we were unable to achieve all the goals of this study through this series, the findings observed can form the basis for a larger multicenter prospective series. Increasing the number of included patients, obtaining timely bloodwork, standardizing MEP protocols, identifying transfusion thresholds, and MAP targets, can provide the necessary information to better understand the causes of the observed IONM changes. This can lead to developing management algorithms to guide surgeons through the IONM changes and improve the safety of spinal deformity surgeries. With the significant progress made in surgical implants, instruments, and techniques, the need to clearly understand and perform appropriate maneuvers in response to IONM changes will provide the safest environment to achieve the best possible corrections for our patients.
Conclusions
A high incidence of IONM alerts occurred in this prospective series of 97 pediatric patients, in whom IONM changes were very accurately registered using a standardized detailed reporting form. Two patterns of IONM changes were identified, namely perfusion-based (bilateral changes, usually with a low MAP and hemoglobin) versus direct trauma (usually unilateral changes in response to a surgical event, with normal MAP). This helped identify different treatment algorithms to direct treatment to the offending cause, allowing for safe corrections of the deformities. Signal recovery to some degree occurred in all patients. No postoperative neurological deficits occurred. Patients do not need to recover intraoperative signal to baseline to have a normal neurological examination postoperatively. Careful monitoring and management helped to maintain spinal cord perfusion in the perioperative period. The data and findings from this explorative study will form the basis of a multicenter prospective study, which will provide further direction on the interpretation of IONM changes.
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